The structural gene for glutamine synthetase (glnA) in Bacillus subtilis (glnAB) cloned in the lambda vector phage Charon 4A was used to transduce a lysogenic glutamine auxotrophic Escherichia coli strain to prototrophy. The defective E. coli gene (glnAE) was still present in the transductant since it could be transduced. In addition, curing of the prototroph resulted in the restoration of glutamine auxotrophy. Proteins in crude extracts of the transductant were examined by a "Western blotting" procedure for the presence of B. subtilis or E. coli glutamine synthetase antigen; only the former was detected. Growth of the strain in media without glutamine was not curtailed even when the bacteriophage lambda PL and PRM promoters were hyperrepressed. The specific activities and patterns of derepression of glutamine synthetase in the transductant were similar to those of B. subtilis, with no evidence for adenylylation. The information necessary for regulation of glnAB must be closely linked to the gene and appears to function in E. coli.
The regulation of glutamine synthetase (GS) has been studied extensively in Escherichia coli, Klebsiella aerogenes, and Salmonella typhimurium because of its central role in nitrogen metabolism (18, 31) . The activity of the dodecameric enzyme in these organisms is regulated by divalent cation concentration, feedback inhibition by end products of glutamine metabolism, and adenylylation of the enzyme subunits (29, 31) . Adenylylated GS is more sensitive to feedback inhibitors and less active in glutamine synthesis than is the unmodified enzyme. Adenylylation and deadenylylation occur in response to the nitrogen source present in the medium. When a good nitrogen source such as ammonia is present, GS is highly adenylylated; when a poor nitrogen source such as glutamine or proline is present, GS is unmodified (31) . The nitrogen source also affects the absolute level of GS in the cell. The level of GS in cells grown in minimal salts medium containing a growth-limiting nitrogen source is 5 to 10 times higher than the level found in cells grown in the same medium containing excess ammonia as the nitrogen source. In other growth media the GS level may vary as much as 100-fold (31) .
GS from Bacillus subtilis is also a dodecameric enzyme regulated by divalent cations and feedback inhibition by end products of glutamine metabolism; however, there is no adenylylation system for either the B. subtilis or E. coli GS, nor was the E. coli adenylylating system able to modify the B. subtilis enzyme (8) (9) (10) . The synthesis of B. subtilis GS is relatively insensitive to regulation. Deuel et al. reported that GS synthesis was derepressed only when cells were under severe nitrogen limitation (8) , and Rebello and Strauss (24) found that the maximum range of enzyme synthesis was fiveto sixfold.
The structural genes for GS from K. aerogenes and S.
typhimurium have been transferred into an E. coli glutamine auxotroph by P1 transduction. These genes were regulated normally in the E. coli host (32) . The wild-type glnA gene from Anabaena sp. strain 7120 also has been shown to complement a glutamine auxotrophic E. coli strain (13 al. (12) , providing the opportunity to examine the expression of a glnA gene from a gram-positive organism in E. coli. B. subtilis GS was produced in E. coli carrying the gInAB gene, and its synthesis was regulated as in B. subtilis.
MATERIALS AND METHODS
Bacterial strains and cultivation. The E. coli strains used in this study are listed in Table 1 . Bacterial cultures were grown in the minimal salts medium described by Smith et al. (28) supplemented with 0.2% glucose and 0.2% of the indicated nitrogen source. A similar minimal salts medium, C agar, was used for cultivation on solid medium. Rich media was LB broth (per liter: 10 g of tryptose, 5 g of yeast extract, 5 g of NaCl, pH 7.0) and LB broth plus 1.5% agar for solid medium. When required, glutamine was present at 1 mg/ml.
Transduction with lambda phages. E. coli T357 was lysogenized with wild-type X to prevent the nonlysogenizing Charon 4A vector phage from lysing the cells and to provide a region of homology for recombination. This lysogenic strain (GA1) was grown overnight in LB broth, and cells were harvested, washed in minimal salts medium, and plated on minimal C agar to select for growth in the absence of glutamine (Gln+ phenotype). Charon 4A vector phage (Ch4A) and this phage carrying the glnAB gene (X gInAB) (ca. 2 x 106 PFU) were spotted on the plate. After 2 days of incubation at 37°C, 20 to 30 colonies appeared in the A gInAB spot. There was no growth in the Ch4A spot or on the rest of the plate. One of the colonies was purified for further study (strain GA2). Strains GA3 and GA4 were prepared similarly by lysogenizing E. coli T357 with the heat-inducible phage X c1857. For these strains, growth and plating were at 30°C. P1 transductions were performed by standard techniques.
Curing lysogens. Strains lysogenic for X c1857 were grown in LB broth at 30°C to the mid-exponential phase and then shifted to 42°C for 15 min to induce the phage. The culture was shifted to 37°C for 5 min and then shifted back to 30°C for 3 h. Cells were harvested and resuspended in minimal salts medium containing 0.01 M sodium citrate. Dilutions were plated on LB agar and incubated at 42°C overnight. Survivors were tested for lysogeny and for the ability to grow in media lacking glutamine. The "Western blotting" procedure, using 125I-labeled Staphylococcus aureus protein A described by Burnette (3) was used. B. subtilis GS antibody was isolated from rabbit antiserum (7); E. coli GS antibody, received from M. Maurizi, was isolated from sheep antiserum by R. Hohman.
GS assays. Crude extracts of B. subtilis were prepared by washing cells in 50 mM imidazole-hydrochloride (pH 7.0)-0.2 mM EDTA-1 mM 2-mercaptoethanol, resuspending them in the same buffer, and adding 100 ,ug of lysozyme per ml (6) . After incubation at 37°C for 1 h, cells were placed on ice and sonicated for 30 s. Lysed cells at this stage were used directly as crude extracts. The B. subtilis GS assay procedure used was the glutamyl transferase method described by Dean et al. (7) . The reaction was terminated after 30 min by the addition of 1 ml of ferric chloride reagent (11) . The optical density at 540 nm was measured on a Beckman DBG spectrophotometer after the removal of the precipitate by centrifugation for 5 min at 5,000 rpm in a Sorvall SS34 rotor. The specific activity of the enzyme was expressed as nanomoles of glutamyl hydroxamate formed per minute per milligram of protein.
Crude extracts of E. coli were prepared by washing cells in 0.85% NaCl and resuspending them in 10 mM imidazolehydrochloride (pH 7.15)-0.2 mM EDTA-1 mM 2-mercaptoethanol. Cells were lysed by the addition of 100 ,ug of lysozyme per ml and sonication for 60 s. Lysed cells were centrifuged at 12,000 rpm for 20 min, and the supernatant was used as the crude extract. The E. coli GS assay procedure was the glutamyl transferase method described by Shapiro and Stadtman (27) . The reaction mixture contained 50 mM imidazole-hydrochloride (pH 7.0), 0.4 mM ADP, 20 mM glutamine, 20 mM hydroxylamine, 20 mM sodium arsenate, and 0.3 mM MnCl2 in a final volume of 0.9 ml. These conditions were optimal for measuring total GS, but in some cases 50 mM MgCI2 was also added to the reaction mixture to measure the deadenylated form of GS (27, 29) . The reaction, which was carried out at 37°C, was initiated by the addition of 0.1 ml of crude extract and terminated after 30 min by the addition of 2 ml of ferric chloride reagent (11) . The optical density was determined as previously stated for the B. subtilis GS assay. The activity of both mammalian (26) and bacterial (16) GS varies, depending on whether the forward (B. subtilis) or reverse (E. coli) reaction is used for the assay, so both have been employed.
Transformation of GA2 with pMR1. Plasmid pMR1 was provided by M. Ptashne and was constructed by Maurer et al. (19) . It carries tetracycline resistance genes as well as the A cI repressor gene fused to the E. coli lac operator and promoter. Production of cI protein can be induced, therefore, in strains harboring pMR1 by adding isopropyl-p-Dthiogalactopyranoside to the growth medium. Strain GA2 was transformed to tetracycline resistance with pMR1 by the method of Cohen et al. (5) . The presence of plasmid pMR1 in tetracycline-resistant colonies was confirmed by agarose gel electrophoresis of minipreps (6) . The production of K cI repressor in response to isopropylthiogalactoside addition was shown by the loss of sensitivity of the induced strain to A vir (19, 20) . RESULTS
A glnAB transduced strain GAl to glutamine prototrophy.
E. coli T357 carries the very stable glnAE202 mutation; Tyler and Goldberg (32) reported that it reverts at a frequency of <1 in 1011 cells. A lambda lysogen of this strain (GA1) was transduced with X glnAB. Twenty to thirty Gln+ colonies were isolated, and they all grew equally well; one (GA2) was chosen for further study. The same procedure was used with strain T357 lysogenic for the heat-inducible A c1857 phage (GA3), and one prototrophic transductant (GA4) was selected for further study. Gln+ strains contained the original glnAE202 gene. Two
approaches were used to demonstrate that the original glnAE mutation was still present. (i) The metE gene maps at 85 min on the E. coli chromosome, near the glnA gene at 86 min (1). P1 lysates were prepared on strain GA2 and the parent strain GAl and used to transduce E. coli PS1391 to methionine prototrophy. The glnAE202 gene was transduced with the metE+ marker for both GA2 (27 of 223 Met' transductants) and GAl (9 of 223 Met' transductants), indicating that the original glnAE mutation was still present in strains GAl and GA2.
(ii) Strain GA4 was cured of its prophage by heat induction. All of 28 nonlysogenic survivors had the Glnphenotype, indicating that the gene conferring prototrophy in strain GA4 was on the prophage and was excised from the chromosome when the prophage was induced.
Strain GA2 produced only B. subtilis GS antigen of the correct size. Since E. coli GS and B. subtilis GS are immuno- (30) , it was possible to determine which enzyme was produced in strain GA2. Proteins from strains M159, GAl, and GA2 were probed with either E. coli or B.
subtilis GS antibody (Fig. 1) . Strain GAl produced no detectable B. subtilis or E. coli GS. Wild-type strain M159 produced a protein that reacted with the E. coli GS antibody but not with B. subtilis GS antibody. Strain GA2 produced a protein that reacted with the B. subtilis antibody but not with the E. coli antibody. This polypeptide was ca. 50,000 daltons, the size of the B. subtilis GS monomer (8) .
Expression of glnAB gene in strain GA2. Jaskunas et al. (15) reported that foreign genes in Ch4A could be transcribed from the PL promoter in nonlysogens. In lysogenic strains, however, this promoter was repressed by the X cI protein.
Expression of a cloned gene in a lysogenic strain therefore provided evidence that the gene was probably transcribed from its own promoter. Expression of glnAB in the lysogenic strain GA2 implied that transcription was from its own promoter. To rule out transcription from PRM that may be active in lysogenic cells (19) (20) (21) , a plasmid containing the A cI gene (pMR1) was introduced into strain GA2. The cI gene is fused to the lac operator and promoter in this plasmid, so that addition of 0.5 mM isopropyl-p-D-thiogalactopyranoside to the growth medium should induce expression of the cI gene. Induced cultures were resistant to A vir, indicating induction of a high level of A cI. There should thus be sufficient cI protein to repress the PRM promoter. Strain GA2 harboring pMR1 was subcultured repeatedly into fresh glycerol minimal medium (19) containing tetracycline and 0.5 mM isopropylthiogalactoside to dilute out preformed GS, deplete the intracellular glutamine pool, and induce production of the cI repressor. There was no effect on the growth of these cells even after 30 doublings or on the growth rate (0 to 50% less than that of E. coli) in minimal medium with ammonia or glutamine as the sole nitrogen source, indicating that a A promoter was unlikely to be involved in regulating glnAB expression.
B. subtilis pattern of GS regulation found in GA2. GS in both E. coli and B. subtilis catalyzes the production of glutamyl hydroxamate when hydroxylamine is substituted for ammonia. This glutamyl transferase reaction was used to assay GS in strains M159, GA1, and GA2 grown in various media. The assay methods used for B. subtilis and E. coli GS are different, however. The B. subtilis assay is dependent on the forward reaction, glutamic acid + NH2OH ATP, Mn2 , or M5 glutamyl hydroxamate + ADP, whereas the E. coli assay dep$nds on the reverse reaction, glutamine + NH20H ADP, MEL* glutamyl hydroxamate. E.
coli GS was ca. 10 times more active in the second assay than in the first (Tables 2 and 3) . B. subtilis GS had little activity (above the background level of strain GA1) when the second assay was used (Table 3) .
Wild-type E. coli M159 exhibited activity under the conditions used for assaying B. subtilis GS; however, the E. coli GS assay was more sensitive. There was a low level of colorimetric product in reactions with strain GAl (Table 3) that may be nonspecific hydroxamate formation due to the use of crude extracts for the assay. In most cases, strain GA2 had the same low activity in this E. coli assay, but there was a significant increase when cells which were grown in media containing proline as the nitrogen source were assayed (Table 3 ). The activity of GS in wild-type B. subtilis grown in similar media is shown in Table 2 . In this case, the specific activities of strain GA2 were well above the values found for strain GA1 and comparable to the B. subtilis values ( Growth of strain M159 in a medium containing glutamine as the sole nitrogen source resulted in a three-to fourfold derepression in GS production over the amount produced in the same cells grown in a medium containing excess ammonia and glutamine, whereas GS production in strain GA2 was the same in both media (Tables 2 and 3 ). Growth with proline as the sole nitrogen source resulted in derepression of GS synthesis in both strains M159 and GA2, although the wildtype E. coli strain showed greater derepression (5-to 10-fold) than did strain GA2 (3-fold). The specific activity of GS in wild-type B. subtilis grown in a medium containing proline as the sole nitrogen source was two to three times greater than the values for cells grown in a medium containing excess ammonia and proline (Table 2) . Thus, the specific activities and patterns of derepression of GA2 were more similar to B. subtilis than to E. coli.
DISCUSSION
The conclusion that B. subtilis GS was synthesized and functional in E. coli GA2 was based on the following observations: (i) the presence of the glnAB gene overcame the auxotrophy-of the E. coli Gln-mutant GA1; and (ii) a protein which cross-reacted with B. subtilis GS antibody was produced in strain GA2 but not in a wild-type E. coli strain (Fig. 1) . B. subtilis wild-type and mutant GS subunits can intermix to form a functional enzyme (14) , so it was possible that B. subtilis GS monomers and defective E. coli GS monomers could combine in strain GA2 to form a functional GS enzyme. This possibility seems unlikely because no E. coli GS antigen was detected with antibody in either strain GAl or GA2 (Fig. 1) . There is no evidence for adenylylation of B. subtilis GS by either B. subtilis (in vitro or in vivo) or E. coli extracts (8) (9) (10) ). In addition, the ratios of GS activity of strain GA2 were 0.85 to 1.05 when the assays were done in the presence or absence of Mg2+ for cells grown in excess ammonia or with glutamine as the primary nitrogen source. In contrast, the ratio for E. coli grown with excess ammonia was 0.2 to 0.3 versus 0.5 to 0.8 for cells grown with glutamine as the sole nitrogen source. This ratio change for E. coli reflects the extent of adenylylation of GS (29) . The glnAB gene in strain GA2 was probably expressed from its own promoter because the PL promoter present in Ch4A was repressed in lysogenic strains (15) , and repression of the PRM promoter of the phage did not result in a glutamine growth requirement, nor was the growth rate of strain GA2 altered. In addition, the expression of glnAB in strain GA2 did not respond to the same regulatory signals as the glnAE gene; instead it appeared to be regulated much the same way that it was in B. subtilis ( Table 2 ).
The isolation of B. subtilis glutamine auxotrophs which overproduce GS with altered catalytic apd regulatory properties has suggested that B. subtilis GS has a regulatory role in its own synthesis (7) . Further support for this hypothesis came from the isolation ofB. subtilis glnAB diploids. Synthesis of GS in an overproducing Gln-mutant was curtailed when a wild-type glnAB gene was introduced into the strain (14) . Wild-type GS subunits or enzyme may be required to repress expression at the glnAB promoter. An alternative hypothesis was suggested by the isolation of two closely linked classes of Gln-mutants (25) . Mutations in one class resulted in elevated GS synthesis, whereas mutations in the second class resulted in decreased GS synthesis. This second class of mutations may impair regulation. Evidence is presented here that an E. coli strain containing glnAB had the B. subtilis mode of regulation (Table 2) . These results do not distinguish between the two models of glnAB regulation discusse,d, but they do indicate that the information required for glnAB regulation is inherent in or closely linked to the structural gene.
It is not surprising that glnAB was transcribed in E. coli. It is texpressed during vegetative growth in B. subtilis, and examination of the promoters of several B. subtilis vegetative genes has shown that their DNA sequences are like that of the E. coli promoter consensus sequence (23) . Several investigators have exploited the ability of E. coli to recognize foreign promoters and have transduced appropriate E. 
